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Platelets play an essential role in thrombosis and hemostasis. Abnormal hemostasis can cause spontaneous or severe post-traumatic 
bleeding. Bernard-Soulier syndrome (BSS) is a rare inherited bleeding disorder caused by a complete quantitative deficiency in the 
GPIb-IX-V complex. Multiple mutations in GP9 lead to the clinical manifestations of BSS. Understanding the roles and underlying 
mechanisms of GP9 in thrombopoiesis and establishing a proper animal model of BSS would be valuable to understand the disease 
pathogenesis and to improve its medical management. Here, by using CRISPR-Cas9 technology, we created a zebrafish gp9SMU15 
mutant to model human BSS. Disruption of zebrafish gp9 led to thrombocytopenia and a pronounced bleeding tendency, as well as 
an abnormal expansion of progenitor cells. The gp9SMU15 zebrafish can be used as a BSS animal model as the roles of GP9 in 
thrombocytopoiesis are highly conserved from zebrafish to mammals. Utilizing the BSS model, we verified the clinical GP9 mutations 
by in vivo functional assay and tested clinical drugs for their ability to increase platelets. Thus, the inherited BSS zebrafish model 
could be of benefit for in vivo verification of patient-derived GP9 variants of uncertain significance and for the development of 
potential therapeutic strategies for BSS.  
 

Abstract 

Introduction 
Platelets play an essential role in thrombosis and hemo-
stasis. Without nuclei, they are the smallest formed el-
ements of the blood in mammals, and are produced from 
giant polyploid precursors, the megakaryocytes.1 Mega-
karyocytes differentiate from hematopoietic stem cells in 
the hematopoietic sites (bone marrow, yolk sac, fetal liver 
and spleen). It is well accepted that hematopoietic stem 
cells give rise to megakaryocyte-erythrocyte progenitors 
in the first instance, and these progenitors commit to 
both erythroid and megakaryocytic lineage cells.2-4 During 
thrombopoiesis, megakaryocytes then arise from com-
mitted megakaryocytic precursors, undergo several cycles 
of endomitosis to become polyploid and release platelets 
as cell fragments into the bloodstream.5 When a blood 
vessel ruptures, adherent platelets become activated and 
initiate the platelet aggregation process, so the circulating 
platelets adhere to different components of vascular sub-
endothelial structures to stop the bleeding.3 
Functional platelets require a series of platelet membrane 
receptors properly expressed, as these receptors are es-

sential for platelet adhesion to form clots on the damaged 
vessel wall and trigger transmembrane signaling leading 
to cell aggregation and activation. The glycoprotein Ib-IX-
V complex (GPIb-IX-V), expressed in platelets and mega-
karyocytes, belongs to the leucine-rich repeat family of 
membrane proteins. The complex consists of four distinct 
transmembrane polypeptide subunits,6 of which GPIbα, 
GPIbβ, and GPIX are all necessary for efficient biosynthesis 
of the receptor, whereas GPV is more loosely associated.7,8 
When blood vessels rupture causing bleeding, the GPIb-
IX-V complex mediates platelet attachment to the sites of 
blood vessel wall injury and activates the platelets.9 
Bernard-Soulier syndrome (BSS), a rare autosomal reces-
sively inherited bleeding disorder also known as hemor-
rhagiparous thrombocytic dystrophy,7-9 is caused by 
quantitative or qualitative defects within the membrane 
GPIb-IX-V complex.6 The syndrome is characterized by 
thrombocytopenia, giant platelets with the absence of 
platelet aggregation in response to ristocetin, and a range 
of sometimes life-threatening mucocutaneous bleeding 
disorders.7,9 Mutations in GP1BA (GPIbα), GP1BB (GPIbβ), 
and GP9 (GPIX) have all been reported in BSS patients,10 
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with the reported mutation frequency being higher in GP9 
than in the other two genes in a study of 211 BSS families.10 
GPIX is a subunit of the platelet membrane glycoprotein 
complex, and multiple point mutations in the GP9 gene 
are reported to be associated with BSS in patients.10,11 Sev-
eral GP9 point mutations, such as GP9 70T>C and GP9 
182A>G, have been reported to affect protein conforma-
tion and consequently attenuate the GPIb-IX-V complex 
component expression, but there is still a lack of in vivo 
functional evidence on whether these mutations affect 
thrombocytes.10,12-15 Disruption of GPIX in mice results in 
thrombocytopenia with giant platelets and prolonged 
bleeding phenotypes similar to human BSS, while intra-
uterine embryogenesis makes mice difficult to manipulate 
during early developmental stages.16 Whether and how GP9 
participates in the regulation of embryonic thrombocyte 
development remains incompletely known. 
Zebrafish (Danio rerio) have been used as powerful verte-
brate models for developmental biology and for modeling 
many human diseases. Their high fecundity, external de-
velopment and their optical transparency during early de-
velopment facilitate high-throughput genetic and 
small-molecule screening, especially for in vivo phenotype 
fast-reading in early developmental stages. Importantly, 
thrombocytes in early vertebrates are equivalent to mam-
malian platelets in functional and regulatory terms.17,18 

Thrombocytopoiesis has been described in zebrafish and 
has demonstrated conservation of regulatory factors and 
similar developmental processes as those in mammals.19,20 
Thrombocyte disorders including congenital amegakaryo-
cytic thrombocytopenia, inherited thrombocytopenia, es-
sential thrombocythemia and several platelet functional 
disorders have been modeled successfully in zebrafish.21-

25 In addition, thrombocytic lineage-specific transgenic re-
porter strains of zebrafish are available, such as the 
Tg(cd41:eGFP) and Tg(mpl:eGFP) lines.19,21 Thrombocyte 
function can be detected by the efficiency of clotting, 
measured as the time to occlusion or the thrombus sur-
face area, both having been well-established in zebra-
fish.21,26 As multiple mutations in GP9 are associated with 
clinical manifestations of BSS, understanding the func-
tions and underlying mechanisms of GP9 in thrombocyto-
poiesis and establishing a proper zebrafish model of BSS 
would be valuable to understand the disease pathogen-
esis and to verify the clinical significance of patient-de-
rived GP9 variants. 
In the current study, we targeted the gp9 gene using 
CRISPR-Cas9 technology to generate an inherited BSS ze-
brafish model. The gp9SMU15 zebrafish modeled BSS well, 
as it displayed thrombocytopenia from early development 
to adult stage, thrombocytic progenitor expansion in adult 
hematopoiesis, and exhibited bleeding disorders. We 
further demonstrated that human GP9 mirrored the 
thrombocyte phenotypes in the zebrafish model, and pa-

tient-derived GP970T>C and GP9182A>G mutations are throm-
bocytopoietic deficient mutations responsible for human 
BSS. Moreover, we found that recombinant human throm-
bopoietin (rhTPO), used clinically for promoting thrombo-
cytopoiesis, was also effective for relapsing BSS 
thrombocytopenia phenotypes in the model. Interestingly, 
we found that decitabine, used for treating leukemia and 
idiopathic thrombocytopenia purpura in the clinic, could 
also effectively alleviate thrombocytopenia in BSS zebra-
fish. Thus, gp9SMU15 zebrafish could serve as an ideal model 
for understanding the deficiency of thrombocytopoiesis 
and hemostasis associated with BSS, and it could be ap-
plied as a useful tool for fast clarifying human patient-de-
rived GP9 variants of unknown clinical significance, as well 
as for the development of therapeutic strategies for BSS. 

Methods 
Generation of gp9SMU15 mutant lines 
We generated gp9SMU15 mutants using the CRISPR/Cas9 
method. The zebrafish gp9 target within exon 2 is 5’-
GGGCAAAGTCACGCACCTGC-3’. gp9 guide RNA was tran-
scribed in vitro by using mMESSAGE mMACHINE kit 
(Ambion). We generated gp9 mutants by injecting one-cell 
stage embryos with Cas9 protein (EnGen Cas9 NLS, NEB) 
and gRNA. F0 fish were crossed with wild-type (WT) fish 
to produce F1 progeny, which were then genotyped and 
sequenced to identify the inheritable mutation. We ac-
quired the main frameshift mutations with the deletion of 
17 bp (F1). We crossed the heterozygotes F1 gp9SMU15/+ to 
generate homozygous mutant F2 gp9SMU15. All work invol-
ving zebrafish was reviewed and approved by the Animal 
Ethics Committee or the Animal Research Advisory Com-
mittee of Southern Medical University and South China 
University of Technology 

Analysis of thrombocyte function 
We monitored the time to stop bleeding or the bleeding 
area size in adult zebrafish and the time to occlusion in 
zebrafish larvae after injury. Comparable cuts were made 
in WT siblings and gp9SMU15 mutants with a scalpel blade at 
the junction region between the torso and the tail fin to 
destroy the vessels near the tail part; the cuts were per-
formed in a single-blind manner to exclude the subjective 
factor of operation, and the fish were genotyped after the 
injury. The time to stop bleeding (the time the injury was 
made to the time the bleeding stopped) was measured 
under a microscope and recorded by a video camera. So-
dium hydroxide (NaOH) treatment to induce gill bleeding 
was performed as previously described with some modi-
fications.27,28 We placed zebrafish in a glass dish containing 
15 mL of 20 mM NaOH solution, and the process was re-
corded under a microscope (Carl Zeiss Meditec AG, Jena, 



Figure 1. Generation and characterization of gp9SMU15 zebrafish using CRISPR/Cas9. (A) The zebrafish gp9 gene structure. The 
start coding region is shown with ATG. The targeting sequence aimed at the coding region is shown in the purple dashed box. 
(B) Sanger sequencing identified the wild-type (WT) sequence (top) and 17-bp deletion (red arrowhead) in gp9SMU15. Frameshift 
mutation of gp9 creates premature stop codons indicated with the red asterisk. (C) Agarose gel pictures of the polymerase chain 
reaction product from WT, mutant, and heterozygote zebrafish. Lane 1: the wild type bands; lane 2: the mutant bands; lanes 3: 
the heterozygote bands. (D) Gp9 protein structures in WT and mutant fish. The Gp9 protein analyzed with the SMART program 
contains one leucine-rich repeat N-terminal (LRRNT) domain, one leucine-rich repeat C-terminal (LRRCT) domain and one 
transmembrane domain. Orange ovals indicate a LRRNT or LRRCT domain, the green box indicates the transmembrane domain. 
Red slashes indicate the premature stop of Gp9 protein. (E) gp9�17,+0 mutated transcripts generated in gp9SMU15 mutants. Primer 
pairs F1 (wt_FP) F2 (mut_FP) F3 (common_FP) and R1 (common_RP) were utilized for detecting the WT form and gp9�17,+0  form, 
respectively. Statistical significance was determined using a two-sample Student t-test, n≥10 per group, data were combined 
from four biological replicates, mean ± standard error of mean. **P<0.01; *P<0.05; ns: not significant.
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Germany). FeCl3 treatment was performed as previously 
described with some modifications.26,29 In detail, 6-day 
post-fertilization (dpf) larvae, with various genotypes 
Tg(cd41:eGFP);WT siblings and Tg(cd41:eGFP);gp9SMU15 were 

immobilized in 0.8% low-melt agarose gel and 0.02% anes-
thetic tricaine (Sigma-Aldrich). A drop (2.5 mL) of 1% FeCl3 
was placed on the tail region. From the time the first drop 
appeared on the tail region to the accumulation of the 
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Figure 2. gp9SMU15 adult fish display thrombocytopenia and abnormal precursor  expansion. (A) Flow cytometry analysis of 
peripheral blood (PB) cells in wild-type (WT) and gp9SMU15 fish. FITC was directly proportional to 488-GFP cells and side scatter 
(SSC) was indicative of cellular granularity. (B) Percentage of cd41:eGFP+ thrombocytes in PB determined by flow cytometry 
(Student t-test, n=6; mean ± standard error of mean [SEM]; ns: not significant; *P<0.05). (C) May-Grünwald-Giemsa staining of 
kidney marrow (KM) cells in WT and gp9SMU15 fish. The scale bar represents 20 mm. Arrowheads are colored yellow for 
lymphocytes or thrombocytes and green for precursors. Asterisks are colored blue for myelomonocytes and red for erythrocytes. 
(D) Blood cell counts of WT and gp9SMU15 KM by May-Grünwald-Giemsa staining. L&T: lymphocytes and thrombocytes; P: 
precursors; M: myelomonocytes; E: erythrocytes. (Student t-test, n=6; mean ± SEM; ns: not significant; *P<0.05). (E) Flow 
cytometry analysis of KM cells in WT and gp9SMU15 fish. FITC was directly proportional to 488-GFP cells and SSC was indicative 
of cellular granularity. (F) Percentage of cd41:eGFPlow and cd41:eGFPhigh thrombocytes in KM cells determined by flow cytometry 
(Student t-test, n=6; mean ± SEM; ns: not significant; **P<0.01).

 Haematologica | 107 July 2022 

1658

ARTICLE - Modeling Bernard-Soulier syndrome in zebrafish Q. Lin et al.

thrombocytes at the injury site, the time to occlusion was 
measured at the microscopic stage monitored by a fluor-
escence microscope.  

Drug treatment 
Tg(cd41:eGFP) sibling and Tg(cd41:eGFP);gp9SMU15 transgenic 

mutant zebrafish were utilized. Embryos were soaked into 
egg water containing drugs in appropriate concentration at 
36 hours post-fertilization (hpf) using 12-well plates and 
scored at 4 dpf by counting the cd41:eGFPhigh-labeled 
thrombocytes to determine whether drugs were effective. 
Fifteen embryos were put in each well with a volume of 3 
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mL solution. To obtain a proper working concentration of 
rhTPO (rhTPO injection; 3SBIOINC, Shenyang, China) and 
decitabine (Selleck S1200; Selleck, Houston, TX, USA), we 
treated 1.5-dpf WT embryos with gradient concentrations 
of rhTPO (50, 100 and 500 U/mL) or decitabine (10, 20, 50 
and 100 mM) until 4 dpf to see whether zebrafish throm-
bocytes could respond to the concentrations. Doses of 100 
U/mL rhTPO and 20 mM of decitabine were chosen as the 
concentrations that could elevate WT thrombocytes effi-
ciently but not cause developmental retardation in larvae.  

Results 
The gp9SMU15 adult fish display thrombocytopenia and 
hematopoietic precursor expansion 
To investigate the role of gp9 in thrombocytopoiesis, we 
generated a gp9-deficient zebrafish mutant by targeting 
exon 2 of the gp9 gene using CRISPR-Cas9 technology (Fig-
ure 1A). We obtained an F0 mutant line containing gp9 (-17 
bp, +0) (Figure 1B, C), and outcrossed this line with WT ze-
brafish to generate F1 heterozygous and F2 homozygous 
progenies. The gp9 (-17 bp, +0) mutant was predicted to 
encode a truncated Gp9 protein lacking the two-leucine 
rich repeat domains and the transmembrane domain (Fig-
ure 1D). Using quantitative real-time polymerase chain re-
action to detect gp9 mRNA, we found that the mutant fish 
produced only the mutated mRNA (Figure 1E). Therefore, 
gp9 (-17 bp, +0) (gp9SMU15 hereafter) was predicted to be a 
loss-of-function mutant. 
To characterize the effects of gp9 disruption on thrombo-
cytopoiesis in zebrafish, we determined thrombocyte 
numbers in gp9SMU15 mutants and their siblings by monitor-
ing cd41:eGFP expression in the Tg(cd41:eGFP) line, as the 
vast majority of circulating thrombocytes could be recog-
nized by flow cytometry analysis (FACS) with bright 
cd41:GFPhigh fluorescence in adult fish.19 Notably, although 
gp9SMU15 mutants were viable and able to survive to adult-
hood, the gp9SMU15 adult mutants displayed thrombo-
cytopenia as the number of circulating cd41:eGFPhigh 
thrombocytes in adult mutants was about 78% of the 
number in adult WT sibling fish (Figure 2A, B). These data 
indicate that gp9SMU15 zebrafish displayed thrombocytope-
nia in the adult stage, resembling BSS in human patients.  
To directly examine BSS-like hematologic disorders in 
gp9SMU15 adult fish, kidney-marrow (KM) cells were col-
lected from gp9SMU15 adult fish or siblings and subjected to 
cytological analyses and blood cell count. We found a sig-
nificant expansion of the precursor cell population in adult 
gp9SMU15 fish (Figure 2C, D). Recent single-cell RNA-se-
quencing of zebrafish adult KM revealed the continuous 
nature of thrombocyte development,30 and FACS could rec-
ognize hematopoietic stem and progenitor cells (HSPC) to 
differentiated thrombocytes with weak to bright cd41:eGFP 

(GFPlow to GFPhigh) fluorescence in the adult KM cells.19,31,32 
To compare the thrombocyte population of gp9SMU15 fish 
with that of their WT siblings in KM, cd41:eGFP+ cells were 
isolated by FACS. In accordance with the cytological re-
sults (Figure 2C, D), the FACS results also showed an in-
crease in the cd41:eGFPlow cell population from 73% in the 
adult WT sibling fish to 82% in adult gp9SMU15 fish (Figure 
2E, F), suggesting that gp9SMU15 fish had a higher percentage 
of cd41:eGFPlow HSPC than had their WT siblings. The mor-
phological analysis revealed that there were no obvious 
cell size changes within the cd41:eGFPlow HSPC population 
(Online Supplementary Figure S1A, C). However, the popu-
lations of cd41:eGFPhigh thrombocytes in gp9SMU15 mutant KM 
and peripheral blood were both larger than those in their 
WT siblings (medium vs. small) (Online Supplementary Fig-
ure S1A-D). The above data demonstrate that gp9SMU15 ze-
brafish mutants probably have a developmental block, with 
expansion of larger thrombocytes and reduced small-nu-
cleated thrombocytes in adulthood. BSS patients display 
increased bone marrow megakaryocytes but reduced ma-
ture platelets.34 In our study, zebrafish gp9SMU15 mutants 
showed a similar expansion of the progenitor population 
but reduced circulating thrombocytes. 

The gp9SMU15 mutants display impaired thrombocyte 
function 
BSS patients generally have moderate thrombocytopenia, 
giant platelets and a bleeding tendency. They may suffer 
severe hemorrhage following injury or during surgery.33 
Under normal conditions, WT zebrafish rarely bleed se-
verely, whereas ~21% (4/19) of gp9SMU15 mutants had blood 
spots on the body or near the tail fins (Figure 3A), indicat-
ing that the gp9 mutation led to a pronounced bleeding 
tendency. Thrombocyte function can be assessed by the 
ability to stop bleeding and to clot, which has been well-
established in the zebrafish model.21,29 By calculating the 
time to stop bleeding after a tail-cut injury, we found that 
the average time in gp9SMU15 adult mutants was ~50 s, 
much longer than in the WT group (~20 s) (Figure 3B, C). 
We also used NaOH as a substance to create chemical 
damage to induce gill bleeding.27,28 We found more severe 
gill bleeding in gp9SMU15 fish than in WT fish (Figure 3D, E). 
We then monitored the accumulation of cd41:eGFPhigh 
thrombocytes following administration of FeCl3 to induce 
an oxidative injury to the vascular endothelium,26,29 and 
found that the time to accumulation of thrombocytes at 
the injured venule in gp9SMU15 zebrafish larvae was signifi-
cantly longer (mean ± standard error of mean [SEM], 36.4 
± 5.2 s) than in the WT sibling controls (mean ± SEM, 22.2 
± 2.4 s) (Figure 3F). Taken together, these results demon-
strated that the thrombocytopenic gp9SMU15 zebrafish ex-
hibited bleeding disorders similar to the extended clinical 
manifestations of clotting and prolonged bleeding time in 
BSS patients.  



Figure 3. gp9SMU15 mutants display impaired thrombocyte function. (A-D) Clotting in adult wild-type (WT) siblings and gp9SMU15 
mutants. Representative images, under normal conditions, of blood spots on the zebrafish body or near the tail fins (A). The time 
to stop bleeding in adult WT siblings (upper) and gp9SMU15 mutants (lower) (B). (C) Quantitative data showing the time to stop 
bleeding in WT and gp9SMU15 siblings (D) Representative images of gill bleeding after injury in the sibling and gp9SMU15 mutants. 
The representative pictures were captured at 90 s. (E) Quantitative data showing the red pixels around the gill in WT and gp9SMU15 
fish The red color pixels, indicating the extent of bleeding, were counted by Adobe photoshop CC software. (F) Zebrafish after 
injury induced by 1% ferric chloride: quantitative data showing the time to accumulation of thrombocytes at the injured venule. 
Statistical significance was determined by a two-sample Student t-test, n≥10, mean ± standard error of mean, *P<0.05. Scale 
bars: 500 mm.  
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The gp9-disruption led to thrombocytopenia in zebrafish 
larvae 
To characterize the effects of gp9 disruption on thrombo-
cytopoiesis in zebrafish embryos or larvae, we determined 
thrombocyte numbers in gp9SMU15 mutants and their sib-
lings by monitoring cd41 mRNA and cd41:eGFP expression. 
In zebrafish larvae, two distinct populations of cd41:eGFP 
cells could be recognized, cd41:eGFPlow precursor and pro-
genitor cells and the cd41:eGFPhigh thrombocytes, by FACS 
or by whole mount observation under a fluorescence 
microscope.19,32,34 We isolated GFP+ cells from 3-dpf em-
bryos by FACS, and found that the cd41:eGFPhigh cell popu-
lation was significantly decreased but that the cd41:eGFPlow 
cell population was increased in 3-dpf gp9SMU15 embryos 
(Figure 4A, B), suggesting that thrombocyte differentiation 
was affected by the gp9 mutation. Furthermore, quantifi-
cation analysis showed that, at 4 dpf, signals of cd41:eGF-
Phigh cells in the caudal hematopoietic tissue (CHT) region 
were markedly reduced in gp9SMU15 mutant larvae com-
pared with the signals from WT sibling embryos (Figure 4C, 
D), indicating that gp9SMU15 mutants exhibited thrombo-
cytopenia during embryonic development. This conclusion 
was further supported by the downregulation of several 
thrombocyte-related genes, such as cd41 and genes 
required for thrombocytopoiesis (fog1 and nfe2) (Figure 
4E). Notably, the aorta-gonad-mesonephros (AGM) 
cd41:eGFPlow cells, mainly represented by HSPC, were un-
altered in 2-dpf gp9SMU15 mutants (Figure 4F), and cmyb ex-
pression was unaltered in the AGM and CHT regions (Figure 
4G), suggesting that HSPC were unaffected by gp9 muta-
tions. Other definitive blood lineages were also unaffected, 
as indicated by unaltered mpo+ neutrophils at 3-dpf, βe1-
globin+ and O-dianisdine+ erythrocytes, and rag1+ lympho-
cytes at 5-dpf (Online Supplementary Figure S2A-E). 
Furthermore, primitive blood lineages including embryonic 
erythroid markers (αe1-globin and gata1) and a primitive 
myeloid marker (pu.1) were unaffected in gp9SMU15 mutants 
(Online Supplementary Figure S3A-D). Taken together, these 
results show that gp9SMU15 mutants exhibit a lineage-spe-
cific thrombocytic deficiency without other blood lineage 
cells being affected. 
To rule out the possibility of off-target mutations, we over-
expressed Gp9-eGFP fusion protein under the control of 
the heat-shock promoter (hsp:gp9-egfp) and showed that 
heat-shock-induced gp9 overexpression could protect 
gp9SMU15 mutants from thrombocytopenia (Online Supple-
mentary Figure S4A-C). These data demonstrate that the 
loss of gp9 function leads to thrombocytopenia in zebra-
fish larvae. 

Thrombocytopenia in gp9SMU15 mutants is caused by 
reduced proliferation of thrombocyte precursors 
To explain the cellular basis of the thrombocytopenia in 
gp9SMU15 mutants, we further explored whether thrombo-

cyte proliferation is reduced or apoptosis increased in  
gp9-deficient mutants. Thus we monitored the CHT region 
cd41:eGFP positive cell growth or death changes in the 
Tg(cd41:eGFP);gp9SMU15 transgenic line.33 A 5-bromo-2'-de-
oxyuridine (BrdU) pulse labeling incorporation assay re-
vealed that the percentage of BrdU-positive cd41:eGFP+ 
cells in total cd41:eGFP+ cells in the CHT was markedly re-
duced in gp9SMU15 mutants at 3 dpf, and the decreased 
population were BrdU-labeled cd41:GFPlow cells rather than 
cd41:GFPhigh cells, suggesting that the proliferation of 
cd41:eGFPlow hematopoietic precursors or thrombocyte 
progenitor cells was affected by the gp9 mutation (Figure 
5A, B). To investigate the apoptosis of thrombocytes in 
gp9SMU15 mutants, we performed a terminal deoxynucleoti-
dyl transferase dUTP nick-end labeling (TUNEL) assay, and 
found almost no cd41:eGFP/TUNEL double-positive cells 
in the CHT at 3 dpf in either WT siblings or gp9SMU15 mu-
tants (Figure 5C), indicating that thrombocytopenia was 
not likely caused by apoptosis. These results demon-
strated that thrombocytopenia in gp9SMU15 mutants could 
be mainly attributed to reduced proliferation. 

Validation of the zebrafish model using human Bernard-
Soulier syndrome-related GP9 mutations 
The phylogenetic tree of Gp9 suggests the evolutional 
conservation from zebrafish to mammals (Online Supple-
mentary Figure S5A). Multiple sequence alignment dem-
onstrates the similarity of GPIX between zebrafish and 
mammals (Online Supplementary Figure S5B), especially 
in the ectodomain (with ~37% identity).35  
Human BSS is reported to be associated with several GP9 
mutations, such as GP9 c.70T>C (C24R) and GP9 c.182A>G 
(N61S) (Online Supplementary Figure S5B), which have 
been noted to change the GPIX conformation and mildly 
impair the protein expression of itself and the GPIB-IX-V 
complex at the molecular level.10,12,13 However, there is still 
a lack of functional evidence for the two mutations affect-
ing thrombocytopoiesis in animal models. To verify the 
mutation’s effects in models, we first studied gp9SMU15 ze-
brafish to see whether human GP9 (hsGP9WT hereafter) 
could rescue zebrafish BSS. We found that thrombo-
cytopenia of zebrafish gp9SMU15 mutants could be re-
covered by overexpression of hsGP9WT (Figure 6A-C), as 
cd41:eGFPhigh thrombocyte counts in gp9SMU15 zebrafish in-
jected with hsGP9WT mRNA (34.2 ± 3.2 thrombocytes) in-
creased to almost the normal level in WT siblings (34.6 ± 
1.9 thrombocytes) (Figure 6B, C). These results further 
confirmed the functional conservation of thrombocyto-
poiesis in zebrafish and human GP9, and suggested that 
gp9SMU15 zebrafish could be utilized as a BSS model for 
fast-validating the functional significance of hsGP9 variants. 
We further overexpressed the human BSS isoform GP9c.70T>C 
and c.182A>G mRNA (hereafter hsGP970T>C and hsGP9182A>G, re-
spectively, as shown in Online Supplementary Figure S5A) 



Figure 4. Thrombocytopenia in gp9SMU15 zebrafish embryos. (A-D) cd41:eGFPhigh thrombocytes were decreased in gp9SMU15 
embryos. Flow cytometry analysis of cd41:eGFP+ cells in 3-day post fertilization (dpf) wild-type (WT) and gp9SMU15 embryos. GFP 
area was directly proportional to 488-GFP cells and side scatter (SSC) was indicative of cellular granularity (A). Percentage of 
cd41:eGFPlow and cd41:eGFPhigh thrombocytes in 3-dpf embryo cells determined by flow cytometry (Student t-test, n>100 
embryos per group, and data were combined from three biological replicates, mean ± standard error of mean [SEM], ns: not 
significant, **P<0.01) (B). Representative images for staining of cd41:eGFP protein in 4 dpf Tg(cd41:eGFP);WT and mutant 
Tg(cd41:eGFP);gp9SMU15 embryos. Images showed GFPhigh signals (C). Statistical significance was determined using a two-sample 
Student t-test, n>10, mean ± SEM, ***P<0.001 (D). (E) Relative expressions of thrombocytic markers (cd41, nfe2 and fog1) in 3-
dpf WT siblings (blue column) and gp9SMU15 mutants (red column) by quantitative real-time polymerase chain reaction. Statistical 
significance was determined using a two-sample Student t-test; n≥10 per group, and data were combined from three biological 
replicates, mean ± SEM, *P<0.05, ***P<0.001. (F) Hematopoietic stem and progenitor cells (HSPC) were not affected in gp9SMU15 
mutants. Quantification of the aorta-gonad-mesonephros (AGM)-localized cd41:eGFPlow HSPC in gp9SMU15 mutants and WT 
embryos at 2 dpf. Statistical significance was determined using a two-sample Student t-test, n>10, mean ± SEM, ns: not 
significant. (G) Whole-mount in situ hybridization (WISH) of cmyb expression in control (left panel) and gp9SMU15 (right panel) 
embryos at 36 hours post fertilization (hpf) and 3 dpf.
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Figure 5. Abated thrombocyte precursor proliferation in gp9SMU15 mutants. (A) Profiling of BrdU incorporation by caudal 
hematopoietic tissue (CHT) cd41:eGFP+ cells in 3-day post-fertilization (dpf) Tg(cd41:eGFP);WT (left) and Tg(cd41:eGFP);gp9SMU15 (right) 
by double antibody staining of BrdU (red signals) and GFP (green signals). White triangular arrowheads indicate the yellow color 
merged signals represent the BrdU+cd41low cells. Gray triangular arrowheads indicate the yellow color merged signals represent 
the BrdU+cd41hiigh cells. The images of the stained samples were captured by setting the confocal parameter as pinhole size 35 mm 
and 488 laser gain 700 to filter most cd41:eGFPlow signals, and the cd41:eGFPhigh thrombocytes fluorescent signals were counted. 
Scale bars: 50 mm. (B) Statistical data showing the percentages of CHT-localized cd41:eGFP+ cells that incorporated BrdU. 
Asterisks indicate statistical difference, determined using a two-sample Student t-test, n≥10, mean ± standard error of mean, 
**P<0.01. (C) No TUNEL incorporation with 3-dpf cd41:eGFP+ cells in the CHT of Tg(cd41:eGFP);gp9SMU15 mutants (right panels) and 
their wild-type (WT) siblings (left panels). Green: GFP; red: TUNEL. The green arrowheads indicate the cd41:eGFP+ cells and the red 
arrowheads indicate the TUNEL+ cells, No cd41:eGFP+/TUNEL+ cells were detected. Scale bars: 50 mm. 
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Figure 6. Functional validations of the human-derived GP9 mutations associated with Berndard-Soulier syndrome in the 
gp9SMU15 zebrafish model. (A) Schematic diagram of the validation of the Bernard-Soulier syndrome (BSS) zebrafish model using 
human BSS-related GP9 mutations. hsGP9WT, hsGP970T>C and hsGP9182A>G mRNA were injected into one cell of the 
Tg(cd41:eGFP);gp9SMU15 embryos. (B) Representative images of staining of cd41:eGFP protein in 4 days post-fertilization (dpf) 
Tg(cd41:eGFP);WT and mutant Tg(cd41:eGFP);gp9SMU15 embryos. Images show GFPhigh signals. (C) Quantification of GFPhigh cell 
numbers at the caudal hematopoietic tissue (CHT) region. Statistical significance was determined by a Student t-test, n>10, 
mean ± SEM, ***P<0.001, ****P<0.0001. Scale bars: 50 mm.  
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in gp9SMU15 zebrafish embryos to evaluate the function of 
the two isoforms on thrombocytopoiesis. Unlike hsGP9WT 
overexpression, hsGP970T>C and hsGP9182A>G overexpression did 
not restore cd41:eGFPhigh thrombocyte counts in gp9SMU15 
mutants (Figure 6B, C), suggesting that two human GP9 
mutations affect GP9 function on thrombocytopoiesis. The 
above data demonstrate that the gp9SMU15 zebrafish model 
could serve as a good BSS model for functional validation 
of human GP9 mutations, and that hsGP970T>C and 
hsGP9182A>G are both loss-of-function mutations.  

Thrombopoietin and decitabine effectively modify 
Bernard-Soulier syndrome phenotypes in the model 
In clinical settings, the primary treatment for BSS is bone 
marrow transplantation. Since BSS patients show symp-

toms of thrombocytopenia, we wondered whether drugs 
clinically used for the treatment of thrombocytopenia 
would be effective to relieve BSS. We therefore utilized the 
Tg(cd41:eGFP);gp9SMU15 BSS zebrafish to test drug responses. 
rhTPO is a commercially available thrombocytopoietic agent 
approved by the US Food and Drug Administration (FDA) for 
the treatment of human thrombocytopenia.39 We treated 
1.5-dpf WT sibling embryos with rhTPO until 4 dpf to see 
whether zebrafish thrombocytes could respond to rhTPO 
(Figure 7A) and found that 100 U/mL rhTPO could effectively 
increase cd41:eGFPhigh thrombocyte numbers in both WT 
sibling embryos and gp9-deficient mutants. This suggested 
a conserved response from zebrafish thrombocytes to 
mammalian cytokines, and that rhTPO could relieve throm-
bocytopenia in BSS fish (Figure 7B, C).  

A

B C



Figure 7. Therapeutic responses of Tg(cd41:eGFP);gp9SMU15. (A) Schematic diagram of the drug treatment. The embryos were 
exposed to recombinant human thrombopoietin (rhTPO) and decitabine at 1.5 days post-fertilization (dpf) and fixed at 4 dpf. (B) 
Thrombocytopenia indicated by decreased cd41:eGFPhigh cells in Tg(cd41:eGFP);gp9SMU15 mutant embryos and thrombocyte 
expansion by rhTPO. Images show GFPhigh signals. Representative images of Tg(cd41:eGFP);WT and Tg(cd41:eGFP);gp9SMU15 embryos 
treated with sodium chloride saline control and rhTPO (B). (C) Statistical significance was determined using a paired Student t-
test, n≥5, mean ± standard error of mean (SEM), *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. (D) Representative images of 
Tg(cd41:eGFP);WT and Tg(cd41:eGFP);gp9SMU15 embryos treated with dimethylsulfoxide (DMSO) control and decitabine. Images 
show GFPhigh signals. (E) Quantification of cd41:eGFPhigh numbers in the caudal hematopoietic tissue (CHT). Statistical significance 
was determined by a paired Student t-test, n>10, mean ± SEM. *P<0.05, **P<0.01, ***P<0.001,****P<0.0001. Scale bars: 50 mm.    

Decitabine, approved by the FDA for the treatment of 
leukemia and myelodysplastic syndrome,36 is now being 
used for the treatment of idiopathic thrombocytopenia 
purpura in clinical trials.37 Whether it could be used to 

treat BSS is unknown. We found that 20 mM decitabine 
could effectively increase cd41:eGFPhigh thrombocytes in 
WT sibling embryos, and also expand thrombocytes in 
gp9SMU15 embryos (Figure 7D, E), suggesting that decitabine 
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could increase the number of zebrafish thrombocytes and 
may relieve thrombocytopenia in the BSS model. The 
above results demonstrate that both rhTPO and decitabine 
could effectively relieve thrombocytopenia in BSS zebra-
fish (although thrombocyte numbers were not fully res-
cued), suggesting that these drugs, clinically used for 
thrombocytopenia, could also be applied in the treatment 
of BSS. The response of the BSS zebrafish model to these 
therapeutic agents suggests that the model could be use-
ful for the evaluation and screening of thrombopoietic 
drugs. 

Discussion  
BSS, characterized by prolonged bleeding times, enlarged 
platelets, an inability to clot and thrombocytopenia, are 
bleeding disorders that result from mutations in genes of 
the glycoprotein Ib complex, including GP1bA, GP1bb and 
GP9.10 GP9 in particular is the most frequently mutated gene 
reported in a group of BSS patients from 211 families.10 In this 
study, we generated and characterized a CRISPR-Cas9 tar-
geted gp9SMU15 zebrafish mutant, which is the first estab-
lished inherited BSS zebrafish model. The gp9-deficient 
zebrafish were viable and displayed thrombocytopenia, with 
a bleeding disorder, thus resembling Gp9-knockout mice 
and human BSS patients. The gp9SMU15 zebrafish mutant pro-
vides a complementary model to aid our understanding of 
the various roles of gp9 in thrombocytopoiesis and in BSS. 
Thrombocytopenia is an important feature reported in both 
human BSS and Gp9 knockout mice. Our data strengthened 
our understanding of the role of gp9 in thrombocytopoiesis 
in vertebrates, as gp9-deficient zebrafish showed a con-
sistent thrombocytopenia phenotype from embryonic 
stages to adulthood. We also demonstrated that gp9SMU15 
fish showed reduced thrombocytes but increased precur-
sor cells from embryonic to adult stages. Interestingly, the 
3 dpf whole-mount in situ hybridization showed unaltered 
cmyb expression but cd41:eGFPlow cells were increased, 
suggesting that the increased cd41:eGFPlow cells were likely 
thrombocyte-erythroid progenitors rather than cmyb+ 
hematopoietic stem cells or other lineage progenitors. In 
particular, their KM cd41:eGFP+ cells were larger than their 
siblings, similar to the larger thrombocytic cell volumes in 
mice and humans.9,16 As regards the cellular mechanisms 
for the thrombocytopenia caused by gp9 mutations, we 
further clarified that thrombocytopenia may be attributed 
to proliferation defects in thrombocyte lineage cells. It is 
probable that proliferation blocked precursors or thrombo-
cyte progenitors had consequent problems in differentiat-
ing into thrombocytes. 
Thrombocytes in zebrafish are the functional equivalent 
of mammalian platelets, playing major roles in clotting and 
preventing bleeding.18 Patients with thrombocytopenia or 

bleeding disorders can have severe hemorrhage following 
injury or surgery. Similarly to BSS patients, gp9-deficient 
zebrafish also display a spontaneous bleeding syndrome, 
accompanied by a prolonged bleeding time after injury. 
Taken together, these results confirm that gp9 deficiency 
increases the tendency to bleeding, which is conserved 
from zebrafish to humans. The bleeding disorders in gp9-
deficient animals and patients could be attributed to in-
sufficiently functional thrombocytes. The activation of 
thrombocytes may also be affected in GP9-mutated indi-
viduals, according to several reports.38,39 Taken together, 
these results suggested that zebrafish with inherited gp9-
deficiency, displaying a bleeding disorder resembling 
human BSS, could serve as a complementary model to 
broaden our understanding of the various roles of GP9 in 
thrombocytopoiesis, as well as in thrombosis and hemo-
stasis. 
Based on the conservation of thrombocytopoiesis regula-
tory factors and strong similarity of GPIX across species, 
we verified that human GP9 could compensate zebrafish 
gp9, as human GP9WT mRNA is able to rescue thrombo-
cytopenia in gp9SMU15 zebrafish. For functional validation of 
the BSS patient-derived mutations, previous studies were 
mainly restricted to cell lines.40,41 Here we provide an 
example of fast verification of patient-derived mutations 
using zebrafish, as we showed that gp9SMU15 zebrafish 
could serve as a cost-effective model for validating human 
GP9 mutations associated with BSS. The two GP9 muta-
tions (hsGP970T>C and hsGP9182A>G) associated with BSS were 
evaluated by simply overexpressing them in the zebrafish 
model, and the failure to rescue thrombocytopenia con-
firmed that the two mutations are loss-of-function mu-
tations in thrombocytopoiesis. Thus, the BSS zebrafish 
model with a high-throughput screening capability could 
help to accelerate the discovery of potential genetic vari-
ants of unknown clinical significance in vivo.  
The primary clinical treatment for BSS is supportive with 
platelet transfusions, anti-fibrinolytics particularly for mu-
cocutaneous bleeds and recombinant activated factor VII 
in attempts to shorten bleeding times.42-44 More effective 
ways to treat BSS are much needed. Previous studies have 
shown that rhTPO rapidly increases platelet counts in pa-
tients with idiopathic thrombocytopenia purpura,45 and low-
dose decitabine promotes thrombocytopoiesis in idiopathic 
thrombocytopenia purpura and healthy controls.46 Here, we 
showed that rhTPO and decitabine could efficiently relieve 
BSS phenotypes in zebrafish larvae (Figure 7). Given that 
the thrombocytopenia deficiency could be consistently ob-
served in both larval and adult stages of zebrafish (Figures 
2 and 4), we think that the two drugs may still relieve 
thrombocytopenia in adult BSS zebrafish if administered at 
a proper dose using a suitable way of drug delivery. The BSS 
zebrafish model will be beneficial for drug discovery, as evi-
denced by the demonstration that rhTPO and decitabine, 
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